Access to the full text of the published version may require a subscription. This paper presents a facetless, tunable laser operating near 1575 nm, as well as a theoretical model predicting spectral features of the laser. The lasers were fabricated without regrowth or advanced lithography techniques, and are based on MMI couplers and etched facets. Coarse vernier tuning was achieved over a range of 25 nm, while fine, thermal tuning was also demonstrated over a range of 1.5 nm. SMSR values of 25 dB and higher were observed, with a measured laser linewidth of 600 kHz.
Introduction
Single mode, tunable lasers are extensively used in modern communication networks as carrier generators for wavelength division multiplexed (WDM) systems. A common way to achieve singlemode lasing is to use Bragg gratings as in the distributed Bragg reflector (DBR) laser [1] , the sampled grating DBR (SGDBR) laser [2] , or in the distributed feedback (DFB) laser [3] . However, such lasers require multiple epitaxial growth steps and high-resolution lithography techniques, such as electron beam lithography [4] , thus increasing the fabrication time and cost. A regrowth-free alternative is the linear coupling of resonant cavities separated by local defects, such as slots [5] . However, the reflectivity and loss of slots are highly sensitive to the slot width and etch depth, and therefore require careful control of the fabrication process [6] . Regrowth-free DFB lasers have also been reported [7, 8] but require holographic lithography to define the gratings, which adds to the fabrication cost.
Another limitation of these lasers is the reliance on cleaved facets as reflectors in the laser's resonant cavity, such as in the Fabry-Perot laser, as well as in more advanced structures such as DBR or SGDBR lasers [9, 10] . The use of cleaved facets adds significant constraints to the design of photonic integrated circuits (PICs) by forcing the laser sources to be positioned near a facet of the chip. This paper presents a regrowth-free, facetless alternative to grating-based lasers, designed to obtain single mode, tunable lasing by combining resonant cavities using etched facets and multimode interference (MMI) couplers [11] . The lasers are fabricated using standard lithography processes and single-step epitaxial growth. While the concept of cavities coupled together through a half-wave coupler has been demonstrated [12] , the proposed design also presents an integrated output coupler, making the monolithic integration of other devices with the laser trivial. The design of the laser and its theoretical background are detailed, as well as the fabrication process. The devices are characterized, showing single-mode performance, with both coarse Vernier and fine thermal tunability.
Proposed design
The aim of this development is to obtain a single mode, tunable laser that can be placed anywhere on the chip, without requiring advanced lithography techniques or epitaxial regrowth in its fabrication process. Such requirements can be met by coupling multiple resonating cavities of different lengths defined by the spacing between on-chip etched reflectors.
Coupling cavities to achieve single mode lasing
Single mode lasing can be achieved by coupling two cavities of different lengths, so that only the modes compatible with both cavities can lase. The design presented on this paper relies on two cavities coupled through a two-by-two MMI coupler to equally split the input signal from any port, between the two ports at the other end of the coupler. The action of such a coupler is shown in Fig. 1 where the propagation of a signal through the coupler is simulated. The signal is injected into the top-left port, and is equally split between the two right hand side ports.
By coupling two cavities through an MMI coupler, one can ensure that only a limited number of modes are susceptible to lase, thus enabling single mode operation. The MMI serves the additional purpose of providing a single output coupler on one of its output arms, making it possible to collect the laser output and direct it to subsequent photonic devices.
A facetless design to improve versatility
While the simplest way to obtain reflections and create a resonating cavity for lasers is to use cleaved facets as reflectors, such cleaved facets force the laser sources to be located at the edge of the chip on which the PIC is fabricated, which may be undesirable. On-chip reflectors thus appear as an attractive alternative to facets, allowing the lasers to be positioned away from the chip's edges.
The proposed design uses deeply etched facets to obtain an onchip reflector. The waveguide end is surrounded by an area etched through the optical confinement region, to obtain a semiconductor/air interface that can be used as a reflector. A gold coating was applied to the end of the waveguide to further improve the facet's reflectivity. Due to the refractive index of gold being lower than 1 around the 1550 nm wavelength [13] , a higher reflectivity can be achieved than in the semiconductor/air case. Using the refractive index of Indium Phosphide at 1550 nm [14] , one can calculate the reflectivity at normal incidence for both cases: approximately 27% for the InP/air case, and approximately 48% for the InP/ Au case. While this calculation is for an ideal case, it shows that applying a gold coating to the etched facet can significantly increase the reflection of the etched facet.
Achieving vernier and fine thermal tunability
In order to comply with standard WDM communication grids, tunability is necessary to adjust the lasing wavelength to meet the standard carrier wavelengths. To reduce the number of different laser designs involved in a WDM communication system, a single design that reaches a large number of standard wavelengths is desirable. To do so, both wide and fine tuning are necessary. Such properties can be achieved by combining Vernier tuning that allows the lasing wavelength to ''jump" to another part of the spectrum, and fine thermal tuning to accurately shift the lasing spectrum to the desired standard wavelength. These two tuning methods make it possible to operate at multiple different wavelengths without changing any design parameters from one laser source to another.
In the proposed design, the two cavities share a common section, which is used for thermal tuning. Each cavity also has a separated independent section for Vernier tuning. The combination of separate and common cavity sections is achieved by using a 2 Â 2 MMI coupler that can split the signal from the common section into the two separate sections of the cavities, and also combine the signal from the two separated sections into the common section. The splitter and combiner functions are illustrated in Fig. 1 . The fourth port of the MMI coupler can then be used as an output port to collect the laser light and guide it to the other elements of the PIC.
Proposed geometry
A two-by-two MMI coupler is used as a central component of the device, and waveguides terminated by gold-coated etched facets are used at three of the coupler's ports. Those three arms form the two cavities of the system, with two independent sections of different lengths for Vernier tuning and one common section for fine thermal tuning. A waveguide is used on the last port to collect the laser signal. It is angled at its termination to minimize any parasitic reflection once it is cleaved for characterization, so that only the cavities defined by the etched facets are affecting the emission spectrum of the laser. A beam propagation simulation was used to optimize the dimensions of the MMI coupler for the 1550 nm wavelength range: 14 lm in width and 290 lm in length. The same beam propagation simulation showed the coupler still achieves its function at a wavelength of 1650 nm. This simulation theoretically confirms the robustness of the MMI coupler against wavelength variations.
Each section of the device can be powered independently, and the electrical isolation is improved by the use of shallow angled slots at their connection points, to increase the electrical isolation while limiting the parasitic reflection thanks to the angle. To further isolate each arm from its neighbor, a deeply (below the quantum wells) etched trench is placed between the adjacent arms, effectively preventing any current leakage from one arm to the other.
The resulting geometry is shown in Fig. 2 , for the case where the two cavities have a length difference of 50 lm. The device's total length is approximately 1 mm, and the etched facets allow the device to be positioned anywhere on the chip and to be surrounded by other devices, if required. Metal pads are positioned next to each section, to facilitate probing and injecting current through each section of the laser.
Theoretical model of the coupled cavities' behavior
A theoretical model of the device's behavior was developed, based on the scattering matrix method (SMM) [15] . Each arm is considered as a two-port system composed of a length of waveguide, terminated by an InP/Au interface. The SMM is used to determine the reflection function of each arm. The reflection functions are then combined through the MMI coupler, to determine the input/output relationship of the device, viewed from the collector arm (labeled 3 in Fig. 2 ).
In the model, k is the wavelength of the signal, and L k ; n k ; g k ðkÞ are the length, refractive index and gain profile of the arm labeled k in Fig. 2 . f k ðkÞ is the reflection function, while S k and T k are the associated scattering and transmission matrices, corresponding to a waveguide segment terminated by a reflective interface of reflection and transmission coefficients r k and t k respectively. The arm is considered as a two-port system: the first port in the propagation direction being the link to the MMI, and the second one being the reflective termination. The desired reflection function is related to the first port, as the behavior of the MMI is studied based on the inputs and outputs at each of its ports. One can write:
þ jg k kL k is the phase shift and amplitude gain induced by the length of the arm. One can thus calculate the scattering matrix for the arm:
From this equation, it is possible to obtain the reflection function related to the MMI side of the arm. Due to the model chosen for this calculation, the reflection function is the top-left coefficient of the scattering matrix. One can thus write:
Once the reflection functions associated to the reflector arms of the structure have been determined, it is possible to study the MMI itself. For this calculation, the MMI is modeled as a waveguide of known length, where any signal entering a port will be equally split between the two opposite ports, with an adequate phase change. In order to reduce the complexity of the calculation, no amplitude variation due to material absorption or gain will be considered.
One can thus use two functions to represent the MMI, one related to the transmission (i.e. from port 1 to port 3), and one related to the coupling (i.e. from port 1 to port 4). Those functions will respectively be called tðkÞ and cðkÞ, and can be derived from [16] for the 2 Â 2 MMI.
The input and output signals of arm k are labeled i k and o k respectively. Note that the terms ''input" and ''output" are relative to the arm, so that the input is always the signal coming from the MMI, to the arm. The following two sets of equations show these relations:
The system's full reflection function is defined as f ðkÞ ¼
with the notation chosen for inputs and outputs. Note that the signal o 3 is not described in (6) because it represents the input signal and as such, is independent from the studied system. Rewriting the expression for i 3 :
This can be reorganized into the following, replacing o 4 by its expression from (6) Fig. 2. (a) Schematic of the proposed design with details of (b) a metal-coated deeply etched facet and (c) a shallow electrical isolation slot. This equation is the reflection function of the 2 Â 2 MMI coupled cavity structure, and can be used to predict some elements of the laser's behavior, such as the mode and super-mode spacing. An example of simulated reflection profile is shown in Fig. 3 for the case of a laser device with 50 lm of cavity length difference.
Fabrication process
The devices were fabricated from commercial 1550 nm laser material grown on an InP substrate. The active region included 5 compressively strained quantum wells based on AlInGaAs, with a total thickness of 0:4 lm. The wafers were processed using a combination of silicon oxide and silicon nitride layers as hard masks to obtain two different self aligned etch depths. One etch level is immediately above the quantum wells to define standard waveguide and MMI structures, and the other level is deeper than the quantum wells, where reflective structures such as etched facets are needed. Only standard UV lithography was used during the fabrication process, with an alignment resolution of approximately 1 lm. The metal contacts were patterned using standard lift-off lithography, and were based on Ti:Au (20:250 nm) deposited by electron-beam evaporation. A 360°rotational tool was used to ensure continuous metal deposition on the side walls, to avoid breaks causing open circuits and to obtain adequate gold deposition on the etched facets. More details on similar fabrication processes can be found in [17, 18] .
After processing, the wafers were cleaved to separate the devices. An example of those presented in this paper are shown in Fig. 4 , along with other devices fabricated during the same process. A scanning electron microscope (SEM) picture details an etched facet, showing the deeply etched region and the metal coating. The T-shaped termination of the etched facet is used to ensure the facet is flat by pushing the corners farther away from the reflection area. By doing so, the imperfect resolution of the lithography has a limited impact on the quality of the reflective facet.
Characterization results
After cleaving, each section was biased independently, by applying currents ranging from 0 to 50 mA for the reflector arms, and up to 180 mA for the MMI coupler. In order to prevent any damage to the devices, the bias voltages were maintained below 2.5 V. The emitted light was collected by a lensed fiber coupled to the output waveguide of the device. The devices were stabilised at a temperature of 20°C by the means of a Peltier cooler that maintained the temperature of the chuck on which the devices were placed.
Lasing characterisation
Lasing was successfully achieved at a variety of wavelengths for each device, across a 25 nm wavelength range. Lasing powers of up to À10 dBm were coupled into the collector fiber, as shown in Fig. 5(a) . The linewidth was measured using a standard selfheterodyne technique using 50 km of fibre. The lasers presented here were measured to have a linewidth of 600 kHz, which is half of the full width at half maximum of the self-interference profile shown in Fig. 5(b) .
In order to confirm that only the cavities defined by the etched facets were lasing, a Fourier analysis of the emission spectra below threshold was performed. The Fourier analysis, showed in Fig. 6 for the 100 lm cavity length difference case, allowed to determine the lengths of the cavities leading to the spectrum observed. The two main cavity lengths can clearly be observed near the 900 lm and 1000 lm length, as well as the peak at 100 lm corresponding to the super-mode spacing. The absence of a peak at 290 lm (length of the coupler) shows that no significant reflection occurs at the ends of the MMI coupler. This can indicate that the laser input is successfully directed to the output ports, confirming the coupler dimensions are adequate to achieve its function in the emission wavelength range.
Tuning performance
Various bias configurations were studied for this laser. By changing the bias of one or both of the sections of different lengths (on the left side on the schematic and SEM pictures), it was possible to obtain lasing at wavelengths corresponding to each supermode, over a span of approximately 25 nm, as illustrated in Fig. 7 . At each of the lasing wavelengths, a side mode suppression ratio (SMSR) equal or higher to 25 dB was achieved. The currents used to obtain those lasing spectra were typically in the 10-50 mA range for the arms and 70-100 mA for the MMI coupler. Fig. 3 . Simulated reflection profile of a device with a 50 lm cavity length difference.
Adjusting the bias of the common sections (MMI or common reflective arm) enabled fine tuning of the lasing wavelength. A tuning span of approximately 1.5 nm was achieved, as shown in Fig. 7 with an illustration of fine tuning around the 1575 nm wavelength.
The proposed laser thus achieved both Vernier and fine thermal tuning, reaching a number of wavelengths while maintaining the SMSR above 25 dB.
Comparison with the theoretical model
The spectra collected during the characterization process were compared to the reflection profiles predicted by the simulation presented above, where the theoretical curves were adjusted in the absolute location of wavelength to best match the experimental data. The mode and super-mode spacing values predicted by the model showed good agreement with the emission spectra, as shown in Fig. 8 .
The simulation model, although lacking accuracy to predict the exact position of the super-modes, proved to be effective as a means to predict the super-mode and mode spacing of the proposed coupled cavity laser. The knowledge of such characteristics can prove useful to predict the adequate laser dimensions in systems requiring multiple wavelengths, in order to design and fabricate a laser able to reach as many wavelengths as possible.
Conclusion
A tunable, single mode laser based on MMI couplers and onchip etched facets was demonstrated. A theoretical model was developed, predicting features of the laser such as mode and super-mode spacing. The lasers were fabricated using a regrowth-free process based on standard lithography and etch techniques. The characterization of the devices showed both Vernier and fine thermal tunability, with SMSR values equal to or higher than 25 dB and a linewidth of 600 kHz. The lasing spectra showed good agreement with the theoretical model, regarding mode and super-mode spacing. Those devices represent an alternative to grating-based lasers that does not require costly and timeconsuming processes such as regrowth or advanced lithography techniques, making them attractive for production at large scales.
